Ambient air monitoring of particulate hazardous air pollutants was performed from 2005 to 2007 in the Sihwa-Banwol industrial complexes, which is the largest industrial area in Korea. The occurrence of polycyclic aromatic hydrocarbons (PAHs) and heavy metals, their spatial and seasonal distributions, and the factors affecting the variations in concentrations were investigated. The annual average concentration of benzo[a]pyrene was 1.27 ng/m 3 , with a maximum of 10.41 ng/m 3 . The PAH levels between the industrial and residential sites did not differ significantly, although heavy metals strongly related to industrial activities showed a clear variation between the two groups. Thus, industrial activities were not the only sources of PAHs; they also included automobile emissions and residential heating fuels. Coal-fired power plants outside the city and transboundary contributions from China and North Korea also affected the PAH levels in the area. Although ambient levels of heavy metals had no specific seasonal pattern, PAH levels showed distinct seasonal variations, with the highest level in winter. Factors affecting the PAH concentrations were vehicle exhaust, domestic heating, industrial activities, incineration within the area, and fuel combustion outside the area. The Sihwa-Banwol industrial complexes can be regarded as a hot-spot of PAH pollution in the Seoul metropolitan area.
industrial sites, i.e., #JW2 in the Sihwa area and #WS in the Banwol area, were located on 1 rooftops approximately 10 m above ground level with six-lane and four-lane roads running 2 adjacent to the respective sampling sites. The three residential sites (#JWB: Sihwa, #AS: Banwol, 3 and #GJ: Ansan) were also located on rooftops, 14 to 20 m above ground level. Site-#JWB was 4 located near apartment complexes and shopping malls with relatively heavy traffic, while Site-5 #KJ was within an apartment complex in a newly developed town with light traffic. Site-#AS 6 was situated at a subway station with a nearby parking lot and an eight-lane roundabout road. 7 This particular site was also located close to the border between the industrial and residential 8 areas; thus, it was likely to be affected by emission sources from both areas. The control sites, 9 namely #PC and #DBD were located in agricultural areas where the impact of local air pollution 10 sources was expected to be minimal. Table 1 . Owing to the limited availability of sampling equipment, in the first year, 5 sampling at Site-#PC was conducted in summer and winter, while that at Site-#DBD was 6 conducted during spring and autumn. In the second year, Site-#KJ, which represented the new 7 residential area in Ansan, was added in place of the control sites. As a result, the total number of 8 PAH data-points measured at the six sites was 438 (i.e., 88 at #JW2, 87 at #WS, 88 at #AS, 88 at 9 #AS, 39 at #KJ, and 48 at the control sites). 10 The weather data (hourly basis) corresponding to the measurement period were obtained 11 from the Automatic Weather Station located in Siheung [16] , and the summarized 12 data are shown in Table 1 . The prevailing wind directions in the study area were generally 13 northwestern and westerly, thereby indicating that the area is frequently affected by winds 14 blowing from the Yellow Sea. The average wind speeds in autumn and winter were lower than 15 those in spring and summer, thereby causing adverse impacts on air pollution mitigation during 16 the cold seasons. In particular, on October 26, 2005, the average wind speed was as low as 0.5 17 m/s, making the atmosphere quite stagnant. Four days prior to and after October 26, a severe air 18 pollution episode was observed throughout the metropolitan area, including the Sihwa-Banwol 19 complex. In addition, the yellow dust phenomenon was observed around April 23, 2006, which 20 coincided with the timing of field monitoring in this study. were collected in this study. Total suspended particles (TSP) were collected using high-volume 6 air samplers (TE-PNY1123, Tisch Environmental Inc., USA) over a 24 h period at a flow rate of 7 ~600 L/min. Quartz fiber filters (8"×10" QMA filter, Whatman, USA) acted as the particle 8 collection media, which were heat-treated at 400℃ for 5 h to remove any remaining organic 9 matter. The pre-treated filters were equilibrated in a desiccator under conditions of constant 10 temperature (20 ± 1℃) and humidity (45 ± 5%) for 24 h, and were then weighed before sampling.
11
Post sampling, the filters were wrapped in aluminum foil and sealed in polyethylene zipper bags, 12 following which they were transported to the laboratory. The particle filters were divided into 13 four equal parts; two were used for PAH analysis and two were used for the determination of 14 TSP, trace elements, and ionic components. To evaluate the mass concentration of TSP, two 15 pieces (4.45 cm diameter each) were clipped from a portion of the filter sample with a circular 16 knife and weighed after 24 h of equilibration under conditions identical to those of pre-sampling.
8
All samples to be used for chemical analysis were stored in a freezer at -18℃ until the analysis, 1 which was completed within 2 weeks. The analytical precision of the ICP method used for the determination of trace elements 7 appeared to be less than 10%. The estimated MDLs were in the range of 0.11 ng/m 3 (Cd) to 8 11.18 ng/m 3 (Al) assuming a typical air sampling volume of 800 m 3 per sample. The recovery 9 rates of trace elements were evaluated using SRM1648 (Urban Particulate Matter, NIST, USA).
10
Heavy metals mostly showed good recovery rates in the range of 83% (Ni) to 98% (Co), while 11 the soil-associated elements, such as Al, K, Mg, Na, and Ti, were recovered at rates of 25-63%.
12
All the Cu data were discarded owing to suspicious contamination from wearing of the Cu 13 brushes in the high-volume samplers [31] . The analytical precision of Cr(VI) was also evaluated 14 by obtaining the coefficient of variations for the results of seven replicate analyses of a standard 15 solution (0.5 ng/mL), and the result was 6.5%. The recovery efficiency and MDL were estimated 16 to be 96.5% and 0.13 ng/m 3 , respectively. Trace elements data reported in this study were all 17 corrected for blank values. Standards II, Dionex, USA). The analytical precision was estimated to be in the range of 2% 7 (Mg +2 ) to 17% (Cl -). For Na and K, the concentration data determined by the ICP method were 8 preferred to those determined by IC, as the former exhibited less uncertainty. The ionic 9 components data were used for the multivariate statistical analysis of the factors affecting the 10 variation in TSP and PAH concentrations.
11
In this study, fine particulate matter (PM 2.5 ) samples were collected separately from TSP suggesting that the sampling sites belonged to the same air-shed. In some cases (i.e., summer and 1 autumn of 2005), the TSP concentrations at the residential sites were higher than those at the 2 industrial sites, but the differences in the mean levels between the sites were not statistically 3 significant (p > 0.05). On the other hand, distinct seasonal variations could be observed in the 4 TSP concentrations, with the highest concentrations in spring, followed by winter, autumn, and 5 summer. Similar seasonal trends have been reported by other studies [32] [33] [34] , and are considered 6 to be a common phenomenon in northeastern Asia. Fig. S1 displays the regression results of the 7 TSP measured in this study and the PM 10 data measured at the national ambient air quality 8 monitoring station using the beta-ray absorption method. Although there was a difference 9 between the absolute values of the two measures, there was also a strong positive correlation (r = 10 0.74; p < 0.01).
In Fig. 2 , the sharp decreases in the TSP concentration mostly corresponded to rainy days.
12
Thus, the TSP concentrations during the sampling period were lower in summer than in other Compared with the TSP concentrations in some of the major industrial complexes in 10 Korea, the Sihwa-Banwol complex recorded higher levels [38] . The TSP levels in the residential 11 sites of the Sihwa-Banwol area were also relatively higher compared with those of other urban 12 areas in Korea. Therefore, it can be suggested that the Sihwa-Banwol area is highly vulnerable to 13 air pollution due to the frequent occurrence of the haze phenomenon as well as the densely 14 located sources of air pollution within the industrial complex, which is bounded by a lake and the 15 sea. and Pb) exhibited higher concentrations in industrial sites than in residential sites, but the for Cr(VI) in the non-occupational environment in Korea.
16
OC is a complex mixture of multiple chemical substances and contains organic matter 17 such as PAHs. A strong correlation is expected between OC and PAHs, because atmospheric OC 18 is closely related to the combustion of fossil fuel and biomass. Accordingly, the regression 19 analysis between OC and ΣPAH and BaP generated strong correlation coefficients of 0.70 and 20 0.72, respectively ( Fig. S2 ), although the correlations between EC and ΣPAH and BaP appeared 21 to be moderate and lower than those of OC at 0.49 and 0.55, respectively (Fig. S3 ). 3.2 ± 1.9 10.0 4.5 ± 2.9 12.7 not available Note: the PAHs that were not separated by GC analysis have been marked with a '+' sign between their chemical names. 
Spatial Distributions of HAPs Concentrations 1
In order to investigate the impact of industrial activities on the ambient concentrations of PAHs 2 and their spatial distribution, data were collected from three different types of sites/groups, i.e., 3 industrial, residential, and control sites. Fig. 3 illustrates the cumulative probability distributions 4 for each group. The PAH concentrations at the industrial and residential sites in the Sihwa-5 Banwol area were similar to each other, but nearly 2 times higher than those at the control site.
6
The mean concentrations of some PAHs were observed to be slightly higher in the residential 7 sites than in the industrial sites, although there was no significant difference (p > 0.05) between 8 them. The spatial variability pattern of OC and EC was also similar to that of PAHs. These 9 results clearly indicated that industrial activities are not the only sources of PAHs in the area. In The distribution of heavy metals, as shown in Fig. 3 , also demonstrates that the 1 atmospheric PAHs in the Sihwa Banwol area may be affected by external sources. The 2 concentrations of Cd, Mn, Pb, and Ni in industrial areas were found to be significantly higher 3 than those in residential areas. These heavy metals are closely related to industrial activities, but 4 are unrelated to automobile exhausts or fuel combustion. However, ambient levels of As and V 5 did not differ significantly between the two groups. It is well known that As in airborne particles 6 is a good indicator of coal combustion [46, 47] , while atmospheric V is strongly associated with 7 heavy oil combustion [48, 49] . Based on these results, it could be assumed that PAHs related to 
.Seasonality of HAPs Concentrations

15
Numerous studies worldwide have demonstrated that there are significant seasonal variations in 16 PAH concentrations depending on the amount of fossil fuel combustion [9, 27, 44, [50] [51] [52] [53] [54] .
17
Similarly, this study investigated the seasonality of PAH and heavy metal concentrations in the 18 Sihwa-Banwol area, and the data are represented as box plots in Fig. 4 . Detailed data for each 19 season from 2005 to 2007 are presented in Table S4 . The season with the highest PAH 20 concentrations was winter, followed by autumn, spring, and summer. The PAH levels in winter 21 were generally 3 to 4 times higher than those in autumn, while the autumn levels were 5 to 7 22 times higher than those in summer. Fig. 4 shows that while most of the PAHs exhibited similar 1 seasonal variations, they distinctly differed from the seasonal pattern exhibited by TSP. The TSP 2 concentrations were higher in spring than in other seasons, whereas the PAH levels in spring 3 were lower (approximately 1/5 of those in winter). Therefore, it could be observed that the 4 chemical composition of PM changed considerably according to the season.
5
The average concentration of BaP, which is a crucial determinant of environmental health, 6 was 0.15 ng/m 3 and 0.51 ng/m 3 (Table S4) [55]. Accordingly, the annual average concentration of BaP in the Sihwa Banwol area obtained 13 in this study was 1.27 ng/m 3 , which exceeded the EU standard. Therefore, this necessitates the 14 eventual implementation of regulatory intervention in Korea, such as the introduction of an air 15 quality standard for BaP, in order to reduce the potential risks associated with PAHs.
16
As BaP decomposes faster in the atmosphere than its isomer BeP, the ratio of BeP/BaP is 17 frequently used to identify whether the sources of PAHs are local or long-distance [27, 43] . A 18 ratio closer to 1 suggests a larger influence of local sources, whereas as the value increases, long-19 distance sources become the more apparent contributors [27] . In this study, the BeP/BaP ratios in 20 winter and autumn were 0.9 and 1.2, which were close to 1, while the summer and spring ratios 21 ranged from 1.5 to 2.0. Therefore, it could be considered that the PAH levels in the study area As shown in Fig. 4 , there appeared to be no specific seasonal pattern in ambient levels of 16 heavy metals. Although they were grouped together into a class of heavy metals, no consistency 17 was found in the occurrence and seasonality of their concentrations. Therefore, unlike PAHs 18 associated with the burning of fossil fuels, heavy metals in ambient air are believed to be emitted 19 primarily by industries, which operate throughout the year in industrial complexes. The seasonal 20 variation observed in some cases could be attributed to either adverse weather conditions during 21 the monitoring periods or irregular local emissions. was closely related to vehicular exhaust and inland heating combustion during the cold seasons.
19
The fourth PC showed strong correlations with Cd, Co, Cr, Ni, Pb, Zn, and Cl, which are related 20 to industrial activities and incineration sources [31, 46] . Finally, the fifth PC demonstrated strong In the case of TSP, the soil/road dust re-suspension variable showed the greatest effect on 10 the concentration variability, and accounted for approximately 65% of the total variance. The 11 second variable appeared to be secondary aerosols (11.2%), followed by coal/oil combustion 12 (5.2%), industrial activity and incineration (3.8%), and vehicle exhaust combined with inland 13 heating combustion (1.0%). The regression results for all five variables were found to be 14 statistically significant, and the coefficient of multiple determination (R 2 ) was 0.859 (p < 0.01). widely depending on where and when they were measured. Therefore, in order to identify the 2 long-term trends and regional characteristics of these data, it is important to maintain consistency 3 in the measurement sites and periods.
4
Comprehensive review papers on the comparison of atmospheric PAHs in major Asian 5 countries, including Korea, have been published [52, 53] . Therefore, in this study, we focused on 6 the PAH concentrations in Korea during the winter period when they are generally the highest.
7
The winter period data also greatly affects the annual average concentrations. season (from November to February). The data in Table S7 were pre-screened based on the 10 employed measurement method, QC/QA, amount of data, and monitoring period, according to 11 the information available in the previous papers. The target PAHs for comparison were also 12 limited to only seven PAHs that were the most commonly reported across various studies.
13
As shown in Table S7 , the PAH levels in both the industrial and residential areas of 14 but also in residential areas [2] . The sulfur content of light and heavy oils has also been strictly 7 regulated (0.1% for diesel oil and 0.3% for heavy oil), along with a mandate on the use of low (Table S7) heavy metals (Cd, Co, Mn, Ni, and Pb) exhibited higher concentrations in industrial sites than in 19 residential sites; however, the concentrations of As and V were similar between the two groups.
20
The Cr(VI) concentrations presented in this study are the first data from a non-occupational 21 environment in Korea.
22
The PAH levels at the industrial sites did not vary significantly from those at the 1 residential sites, although the levels were 2 to 3 times higher than those at the rural control sites.
2 However, some heavy metals related to industrial activities showed a clear difference in 3 occurrence between the industrial and residential areas. These results implied that industrial 4 sources are not the only emitters of PAHs in this area, and that other sources such as automobiles 5 and space-heating fuels used in residential areas also significantly affect the PAH levels. In In contrast to the spatial distribution, the seasonal variations in PAH concentrations were 10 much more distinct. The levels were highest in winter, followed by autumn, spring, and summer.
11
However, there was no specific seasonal pattern in ambient levels of heavy metals. PCA coupled 12 with stepwise multiple regression analysis demonstrated that the factors affecting the temporal 13 and spatial variation in PAH concentrations in this area are vehicular exhaust, domestic heating 14 combustion, fossil fuel combustion outside the city area, and industrial activities and incineration 15 sources within the area. PAH levels in the Sihwa-Banwol area still appeared to be substantially 16 higher than those in other areas of Korea, thereby indicating a very polluted atmosphere in the 17 Sihwa-Banwol area that can be regarded as a hot-spot. This industrial complex can also be a 18 source of air pollutants for further inland areas, particularly during the cold seasons.
19
Overall, it can be stated that the number of polluting sources present in the Sihwa-20 Banwol area far exceeds its environmental capacity. The area is even more vulnerable to air 21 pollution owing to the frequent occurrence of yellow dust in spring, haze pollution in autumn,
22
and trans-boundary contributions of particulate pollutants in winter. The combined contribution 1 of the more than 10,000 industries in the Sihwa-Banwol complex to the Korean economy is 2 significant. Therefore, in order to develop this area as an environmentally sustainable complex in 3 the future, special measures are urgently required to control not only PAHs but also other HAPs 4 detected in this area. 
